Respiratory syncytial virus (RSV) is the major cause of lower respiratory tract infections in infants and is characterized by pulmonary infiltration of B cells in fatal cases. We analyzed the B cell compartment in human newborns and identified a population of neonatal regulatory B lymphocytes (nBreg cells) that produced interleukin 10 (IL-10) in response to RSV infection. The polyreactive B cell receptor of nBreg cells interacted with RSV protein F and induced upregulation of chemokine receptor CX3CR1. CX3CR1 interacted with RSV glycoprotein G, leading to nBreg cell infection and IL-10 production that dampened T helper 1 (Th1) cytokine production. In the respiratory tract of neonates with severe RSV-induced acute bronchiolitis, RSV-infected nBreg cell frequencies correlated with increased viral load and decreased blood memory Th1 cell frequencies. Thus, the frequency of nBreg cells is predictive of the severity of acute bronchiolitis disease and nBreg cell activity may constitute an early-life host response that favors microbial pathogenesis.
SUMMARY
Respiratory syncytial virus (RSV) is the major cause of lower respiratory tract infections in infants and is characterized by pulmonary infiltration of B cells in fatal cases. We analyzed the B cell compartment in human newborns and identified a population of neonatal regulatory B lymphocytes (nBreg cells) that produced interleukin 10 (IL-10) in response to RSV infection. The polyreactive B cell receptor of nBreg cells interacted with RSV protein F and induced upregulation of chemokine receptor CX3CR1. CX3CR1 interacted with RSV glycoprotein G, leading to nBreg cell infection and IL-10 production that dampened T helper 1 (Th1) cytokine production. In the respiratory tract of neonates with severe RSV-induced acute bronchiolitis, RSV-infected nBreg cell frequencies correlated with increased viral load and decreased blood memory Th1 cell frequencies. Thus, the frequency of nBreg cells is predictive of the severity of acute bronchiolitis disease and nBreg cell activity may constitute an early-life host response that favors microbial pathogenesis.
INTRODUCTION
Human respiratory syncytial virus (RSV) is the major cause of lower respiratory tract infections in young infants leading to hospitalization and an increased risk factor for asthma development (Smyth and Openshaw, 2006) . The immune system plays a critical role in the pathogenesis of RSV disease, and RSV is associated with the exacerbation of airway inflammation (Castro et al., 2008) . In infants, fatal outcomes of primary RSV infection are associated with the pulmonary infiltration of B cells (Reed et al., 2009; Welliver et al., 2007) , yet the role of these cells remains to be assessed.
Early-life susceptibility to infection contributes to high mortality rates in children under 5 years of age (PrabhuDas et al., 2011) who display biased T helper 2 (Th2) cell responses (Siegrist, 2001) . We previously showed that B cells with regulatory properties (Breg cells) in murine neonates dampen innate inflammation and the functions of the dendritic cells (DCs) in a TLR-dependent manner, thereby inhibiting the Th1 cell responses (Sun et al., 2005; Zhang et al., 2007) . Over the past decade, Breg cells, which act through IL-10 secretion, have attracted attention in the fields of autoimmunity, transplantation, and cancer (Mauri and Bosma, 2012) . B cell-derived IL-10 can be induced through activation by CD40 (Mauri et al., 2003) , the B cell receptor (BCR) (Fillatreau et al., 2002) , or several Toll-like receptors (TLRs) (O'Garra et al., 1992; Zhang et al., 2007) . The regulatory activity of IL-10-producing Breg cells is essential in the control of DCs (Sun et al., 2005) and inflammatory T cells (Matsushita et al., 2008) and in the induction of T regulatory (Treg) cells (Lemoine et al., 2011) . Breg cell activity is not associated with a single B cell subset but rather develops under various conditions. In mice, regulatory activity has been extended to IL-35-producing B cells and to plasma cells in the context of inflammatory and bacterial diseases (Shen et al., 2014) .
Here, we analyzed the B cell compartment in human newborns using high-content mass cytometry, transcriptomics, and functional studies. We identified a population of neonatal B lymphocytes with immunosuppressive activity (nBreg cells) through the production of IL-10. We showed that nBreg cells, which are a target for RSV, are highly permissive to infection because of BCR recognition of RSV F that drove nBreg cell activation and expression of the chemokine receptor CX3CR1. CX3CR1 interacted with RSV G glycoprotein-promoted infection of nBreg cells to induce IL-10 production. Analysis of clinical samples indicated that nBreg cells were associated with poor control of RSV infection in neonates. We propose the use of the frequency of nBreg cells as a prognostic tool to determine bronchiolitis severity and the use of both RSV F and G glycoprotein as targets for the development of interventions in the context of acute infection.
RESULTS

RSV Infection Activates Neonatal Breg Cells, Resulting in IL-10 Production
To analyze the activity of putative Breg cell activity in healthy human newborns, we first examined neonatal B cells within the cord blood mononuclear cell (CBMC) population using a 35-parameter mass cytometric approach (CyTOF). Within the B cell population, unsupervised analysis using the viSNE algorythm that allows dimensionality reduction (Amir et al., 2013) revealed different B cell subsets with different phenotypes that clustered according to their high expression of CD5 or CD10 and that were associated with distinct sets of B cell markers (Figures 1A, 1B, and S1 Figure 1B ).
Adult blood IMT CD24
hi CD38 hi B cells have been shown to produce IL-10 in response to CD40 (Blair et al., 2010) or CpG and/or TLR9 activation (Menon et al., 2016) . Therefore, the abundance of IMT B cells in cord blood suggested that these cells could be a major source of IL-10 in newborns. IMT B cells could be distinguished by CD10 expression with an intermediate cell surface expression of CD5 ( Figure S1A ), which accurately matched the high expression of CD24 and CD38 ( Figure 1B ). To analyze the functions of newborn B cells, the three cord blood B cell populations were sorted by fluorescence activated cell sorting (FACS) based on cell surface CD5 and CD10 expression (Figure S1B) . Among these cord blood-derived cells, CD5 hi B cells, but not IMT and MN B cells, produced IL-10 upon 48 hr of stimulation with A strain of human RSV (HRSV-A) (MOI = 2.5) (Figure 1C) . Based on their IL-10 production, we thus named CD5 hi B cells neonatal Breg (nBreg) cells. nBreg cells were abundant in neonatal blood from preterm and full-term babies and their frequency among total B cells quickly waned with age ( Figure 1D ). To determine whether these cells originated from the mothers of the babies or the babies themselves, we performed fluorescence in situ hybridization (FISH) on nBreg cells from male babies. FISH detected X and Y chromosomes in all of the nBreg cells isolated from the cord blood of male babies, indicating that the nBreg cells were derived from the babies rather than the mothers (Figure 1E) . We then sought to determine the stimuli that can lead to IL-10 production from nBreg cells. While nBreg cells made IL-10 in response to HRSV ( Figure 1C) , the nBreg cells failed to produce IL-10 after infection with a large panel of RNA or DNA viruses, including influenza A virus (IAV), coronavirus 229E, HIV, HSV-1, HTLV, and MV ( Figure S1C ). To determine whether the induction of the IL-10 response by HRSV was specific to neonatal B cells, we tested the various adult blood B cell subsets and tested their responsiveness to HRSV. We first peformed CyTOF on adult IMT B cells, memory B cells, marginal zone B (MZB) cells, and naive B cells. Adult IMT cells displayed a phenotype similar to newborn IMT cells, whereas MZB cells and memory B cells were phenotypically distinct from nBreg cells ( Figure S2A ). FACS-sorted adult memory B cells, MZB cells, and IMT cells produced IL-10 in response to R848, a TLR7 agonist, but not in response to HRSV (MOI = 2.5) ( Figure S2B ). These data indicate that HRSV-activated nBreg cells may possess unique anti-inflammatory properties. The Th1-Th2 balance is critical at the time of the primary RSV infection, as impaired Th1 cell priming or a Th2 cell immunopathology have been shown to determine the outcome of secondary infection (Culley et al., 2002) . We thus performed an inflammatory T cell suppression assay, which remains the gold standard for assessing Breg cell activity. (Zhang et al., 2014a) . Similarly, RSV-activated neonatal pDCs induced a predominantly IFN-g Th1 cell response that was associated with a mild IL-4 Th2 cell responses ( Figures  2D-2F ). To investigate whether nBreg cells could regulate Th1 cell response indirectly via pDCs, pDCs were cultured alone or with RSV-activated nBreg cells for 2 days and then these cells were co-cultured with naive T cells for 6 days after. We observed few pDCs infected by RSV when cultured alone or after coculture with nBreg cells ( Figure S3A ). RSV-activated nBreg cells were able to inhibit the ability of pDCs to prime an IFN-g T cell response in an IL-10-dependent manner ( Figures 2D-2F ). This was associated with decreased APC functions of pDCs (HLA-DR and CD80) but not the IFN-a response ( Figure S3B ). Altogether, these data demonstrate that the nBreg cells can be specifically activated by RSV and may control the Th1 cell responses in an IL-10-dependent manner.
Neonatal Breg Cells Are Highly Permissive to RSV Infection We further investigated the capacity of RSV to directly activate the immunosuppressive properties of nBreg cells. RSV induced IL-10 transcription in sorted cord blood nBreg cells as soon as 6 hr after exposure ( Figure 3A ). We used a rHRSV-expressing mCherry (rHRSV-Ch) construct (Rameix-Welti et al., 2014) to visualize the virus replication in cells by quantifying the red emitted fluorescence. We found that nBreg cells were preferentially infected by the virus ( Figure 3B ) compared to MN or IMT B cells isolated from cord blood. RSV infection did not affect the viability of nBreg cells ( Figure S4A ). Among adult B cell subsets, only memory B cells were able to be infected with RSV, but they showed much lower viral replication compared with nBreg cells ( Figure S4B ). nBreg cells harboring RSV produced more IL-10 compared to their RSV-negative counterparts (Figures 3C and 3D) and only live but not UV-treated RSV induced IL-10 production ( Figure 3E ), indicative of a role for viral infection in nBreg cell activation. Epithelial cells of the respiratory tract are the major targets of HRSV replication in vivo. We found that nBreg cells, but not MN or IMT B cells, produced IL-10 and were preferentially infected when cocultured with a RSV-infected human epithelial HEp-2 cell line ( Figures 3F and 3G) . Altogether, these data show that nBreg cells are specifically permissive to RSV infection and that IL-10 production by nBreg cells requires their viral infection. (legend continued on next page) cells by RSV whereas IAV infection did not specifically induce BCR pathways ( Figure S5C ). To confirm that RSV-infected nBreg cells were triggered through their BCRs, we performed an Iga (CD79a) phospho flow assay. Iga phosphorylation was detected in nBreg cells 30 min after treatment with anti-IgM or RSV, but not with R848 or IAV treatment ( Figures 4D and 4E ). All the stimuli activated nBreg cells, as shown by Erk phosphorylation (Figure S5D ). In conclusion, the above experiments strongly indicate that RSV activation of nBreg cells is mediated in part by Ig recognition.
To further address the role of the BCR at the level of Ig recognition, we analyzed the IgM secreted by nBreg cells. nBreg cells produced 5-fold higher concentrations of IgM than MN cells and 50-fold higher concentrations than IMT cells ( Figure S6A ). This finding was confirmed using ELISPOT in which more than 80% were secreting IgM nBreg cells as compared to 10%-15% of MN B cells as assessed ( Figure S6A ). IgM produced by nBreg cells, but not MN or IMT B cells, showed specific binding to RSV particles (Figures 5A and S6B) . The mature HRSV envelope consists of glycoprotein (G), fusion (F) protein, and small hydrophobic (SH) protein. We found by ELISA that IgM from nBreg cells recognized the F fusion protein of HRSV but barely recognized the HIV-1 envelope glycoprotein gp140 ( Figure 5A ). These IgM still bound the rHRSV-DSH and the rHRSV-DG mutants showing that F protein, but not G or SH proteins, were recognized by the Ig ( Figure S6B ). Palivizumab, which is an IgG1 humanized monoclonal antibody that binds to F protein, outcompeted the binding of nBreg-cell-derived IgM to RSV in a dose-dependent manner ( Figure 5B ). In addition, IgM produced by nBreg cells, but not by MN or IMT B cells, competitively inhibited RSV infection of nBreg cells ( Figure 5C ). We concluded that the F protein, but not SH and G proteins on the virion, contributes to IgM-mediated recognition of RSV by nBreg cells. This further reinforced the results from transcriptomics and signaling analyses that indicated the engagement of the BCR in nBreg cell infection by RSV.
Our results indicated that nBreg cell Igs recognized RSV in the absence of any previous exposure to the virus. One possible explanation of such a property may rely on polyreactivity of the nBreg cell IgM that may have developed in utero upon exposure to self-antigens. Compared to neonatal MN cell IgMs, nBreg cell IgMs displayed canonical features of polyreactive B cells, including self-antigen recognition ( Figure S6A ). To explore the molecular basis of this phenomenon, we compared the different neonatal B cell subsets at the level of their Ig repertoire. There was no bias in the usage of specific Ig heavy chain V genes (IGHV) in the IgMs derived from nBreg cells. However, nBreg cell IgMs exhibited a shorter complementarity determining region 3 (CDR3) for most of the IGHV genes, representing more than 90% of the BCR repertoire ( Figures 5D, S6C , and S6D). A short CDR3 has been reported for MZB cells (Weller et al., 2008 ) that do not express CD23 and CD5 (Weill et al., 2009) . CD27 + ''B1-like cells'' were described to have a 14-bp CDR3 (Griffin et al., 2011) , whereas the CDR3 of nBreg cells was a 12.9 ± 0.2 bp in length ( Figure 5D ). We identified preferential usage of the IGHJ4 segment associated with IGHD6 in nBreg cells by analyzing the IGHV3 gene PCR products ( Figures 5E, 5F , and S6E). Both CD27 + and CD27 À nBreg cells showed similar repertoire characteristics and functional properties, such as equivalent susceptibility to RSV infection and similar concentrations of IL-10 production upon stimulation with RSV ( Figures S6F  and S6G ). Therefore, the Ig repertoire analysis of nBreg cells showed that this population constituted a B cell subset with unique characteristics, presumably resulting from specific selection and/or maintenance processes. In summary, the repertoire traits, together with the viral particle recognition by nBreg cell IgMs, provide the molecular basis for the activation of the BCR pathway after exposure to RSV.
The RSV G Glycoprotein Interaction with CX3CR1 Is Critical to Infect nBreg Cells
Because ultraviolet (UV) inactivation of RSV impaired IL-10 production, the polyreactive nature of nBreg IgMs was not sufficient to explain the triggering of nBreg cell activity by RSV. The G glycoprotein harbors a CX3C chemokine motif capable of chemokine mimicry when interacting with chemokine receptor CX3CR1 (Tripp et al., 2001 ). This interaction is reported as an important mechanism for RSV binding and infection in human lung epithelial cells (Jeong et al., 2015; Chirkova et al., 2015) . Because nBreg cell exposure to RSV activated chemokine receptor pathways ( Figure 4C ), we analyzed CX3CR1 expression on cord blood B cells. CX3CR1 was expressed by monocytes, but not by B cells, including nBreg cells ( Figure 6A ). However, after 48 hr of RSV exposure, CX3CR1 was induced on nBreg cells ( Figure 6B ), an effect that was mimicked by BCR activation but not by TLR activation ( Figure 6C ). Using rHRSV-Ch, we observed that viral infection of nBreg cells was associated with the highest frequencies of nBreg cell expression of cell surface CX3CR1 relative to other stimuli. We found that an RSV DG mutant poorly infected nBreg cells ( Figures 6F and 6G ) and was unable to induce IL-10 production ( Figure 6D ), despite its ability to trigger BCR Iga phosphorylation ( Figure 6E ). This indicates that G protein binding to CX3CR1 was necessary to induce IL-10 production. In the presence of the CX3CR1 ligand CX3CL1, RSV infection was strongly decreased, concomitant with the inhibition of the IL-10 secretion ( Figure 6H ), indicating that CX3CL1 is blocking the interaction of the RSV G protein with CX3CR1, which is therefore essential for the induction of nBreg (E) IL-10 production after nBreg cell exposure to live or UV-treated HRSV-mCherry was measured at 48 hr by ELISA (n = 5). Paired t test was also used to compare the three conditions. 
RSV Infects Infant nBreg Cells and nBreg Cells Are Predictive of Disease Severity
Infants under 3 months of age who develop acute severe bronchiolitis because of RSV infection may require ventilator support and are at a much higher risk to develop recurrent wheezing up through their teenage years (Stein, 2009) . This is often thought to be associated with Th2 cell responses. However, post-mortem analysis in fatal cases reveals heavy pulmonary infiltration of B cells, but not T cells, in the lung upon RSV infection (Reed et al., 2009) . RSV remains in the respiratory tract and does not spread to the blood. IL-10 can be detected in the nasopharyngeal aspirates (NPA) of RSV-infected children (Bont et al., 2001) and is associated with post-bronchiolitis wheeze (Schuurhof et al., 2011) . We therefore looked for the presence of nBreg cells in the NPA of hospitalized RSV-infected children who required respiratory assistance. In 6 out of the 13 patients, RSV-infected nBreg cells were found in NPA swabs, whereas 2 patients showed RSV-infected MN B cells, highlighting the preferential infection of nBreg cells in vivo. The frequency of nBreg cells correlated with the severity of the disease, as assessed by the duration of oxygen support and hospitalization in the ICU ( Figures 7A and S7) . We also found a higher frequency of nBreg cells in the blood of RSV-infected patients suffering from acute bronchiolitis compared to non-infected children, and a positive correlation between the percentage of nBreg cells with the disease severity and the viral load, but not with the age of the patient or the pregnancy term ( Figures 7B-7D and S7). In contrast to MN and IMT B cells, nBreg cells purified from the blood of RSV-positive patients expressed IL10 mRNA upon RSV exposure, but not IL35, IL12A, and EBI3 subunits (Figure 7E) , indicating the capacity of nBreg cell activity to be activated after their recruitment at the site of infection.
In the neonatal blood, we identified emerging CD4 + T cell effector memory (Tem) cells including CXCR3 + IFN-g-producing Th1 cells (Zhang et al., 2014b) . RSV-activated nBreg cells limited 
DISCUSSION
Using mass cytometry we identified nBreg cells, which are an age-dependent factor associated with the severity of RSVinduced acute bronchiolitis. RSV infects nBreg cells, through IgM recognition and induced CX3CR1 allowing viral interaction with the G glycoprotein. B cell interactions with pathogens without antigen specificity usually leads to B cell death and an impaired antibody responses (Nothelfer et al., 2015) . The possibility of virus-mediated B cell subversion in an antigen-specific manner has been proposed recently in the context of influenzaspecific B cells (Dougan et al., 2013) . Salmonella spp. induce and/or activate Breg cells in a TLR-dependent manner (Neves et al., 2010) . In inflammatory situations, the CD40-and TLRmediated pathways are central in Breg cell activation (Mauri and Bosma, 2012) . nBreg cells developed in utero cells and waned with age, likely reflecting a fetal-specific wave of B cell ontogeny and selection. The polyreactive nature of the Ig repertoire of nBreg cells suggests that other pathogens may target nBreg cells. However, the BCR was not sufficient to activate nBreg cells; a second receptor was required in the context of RSV. The mechanism we propose involves the combined role of RSV G and F glycoproteins in hijacking the newborn immune system to impair viral clearance. The pre-fusion form of the F protein appears to be the critical target for virus neutralization (McLellan et al., 2011 (McLellan et al., , 2013 . Of note, TLR4 was reported to interact with the F protein of RSV in a CD14-dependent manner (Kurt-Jones et al., 2000) . However, human B cells do not express TLR4. The F fusion protein-BCR interaction that initiates nBreg cell activation enables G-CX3CR1-mediated infection, and the nBreg cell IgMs outcompeted and decreased the initial viral interaction and further infection. The IL-10 production by nBreg cells was mainly associated with the infection of the cell, although additional mechanisms such as TLR activation might contribute to the amplification of the antiinflammatory response.
In primary RSV infection in humans and mice, a type I immune response including NK cells, Th1 cells, and cytotoxic T lymphocytes (CTLs), which act as important sources of IFN-g, is essential for viral clearance (Openshaw and Chiu, 2013) . An unbalanced and dysregulated T cell response to HRSV limits viral clearance and is reported to cause immunopathology in the respiratory tract. Primary HRSV infection in newborn mice during the critical neonatal window led to the generation of a type II response, an enhanced airway inflammation, lymphocyte infiltration, and eosinophilia upon re-infection at adulthood, whereas delayed age priming led to enhanced IFN-g production and less severe symptoms during reinfection (Culley et al., 2002) . Th2 cell pathology occurs upon secondary RSV infection and is poorly associated with the primary infection. We found very few T cells in the NPA or effector memory Th1 cells in the blood and no detectable Th2 cell signature in the patients. Therefore, our in vivo and in vitro data support the role of RSV-activated nBreg cells in the control of IFN-g Th1 cells and associated viral clearance.
It is unclear yet whether infected nBreg cells can reach the lymph nodes (LNs) and whether they directly influence Th1 cell priming. Human nBreg cells are related to neonatal B1a cells in terms of their regulatory properties (Sun et al., 2005; Zhang et al., 2007) . Mouse B1a cells have been recently shown to be trans-infected by blood-borne retroviruses via LN macrophages (Sewald et al., 2015) . In such a scenario, RSV might reach nBreg cells in the lung draining LN via myeloid cells. Such innate B cells produce natural antibodies with polyreactive properties. (Griffin et al., 2011) . This IgM memory/MZB compartment develops after birth, possibly in response to the gut microbiota. The human B1 cells would represent a minority in neonatal blood but could account for 40% of all CD27 + memory B cells. This latter point raised some controversies about the phenotype of these cells, that would include T cell or monocyte contaminants (Descatoire et al., 2011; Perez-Andres et al., 2011) . A small fraction of human B1 cell express CD5, which is the hallmark of nBreg cells, and do not have any repertoire bias in contrast to nBreg cells. The cyTOF approach we had clearly eliminated the possibility of other cell lineage contamination to CD5 and CD27 expression. The ''human B1 cells'' have been proposed to be pre-plasmablasts because they produce IgM, IgG, and IgA, and we showed nBreg cells to be free of any IgG-or IgA-positive cells. In addition, nBreg cells quickly wane with age whereas human B1 cell population would develop. This age depedency of nBreg cells might explain their contribution to RSV disease, which becomes asymptomatic later in life. We also showed that canonical adult memory B cells can be slightly infected by the RSV. Therefore it remains to be determined whether they correspond to a small fraction of RSV-specific B cells and whether their infection could play a role in the susecptibilty to the infection later in life, in the elderly poplulation. In addition to lung epithelial cells, nBreg cells represent a newly described target cell for RSV and a biomarker for the severity of acute bronchiolitis. A recent study that defined biomarkers in bronchiolitis using whole blood RNA profiling highlighted an overexpression of neutrophil and interferon genes as well as suppression of B and T cell genes in children of less than 6 months (Mejias et al., 2013) . The increased number of nBreg cells observed in the blood emphasizes how carefully B cell signatures need to be interpreted. Therefore, the appropriate complex signal deconvolution of whole blood signatures needs to take into account age-specific immune characteristics. If confirmed in the NPA, the ''RSV-nBreg cell'' signature that we defined may serve as a molecular biomarker of disease severity. Future work will determine whether the high frequency of nBreg cells is a consequence or a cause of the disease. In future investigations, large cohorts are needed to determine whether nBreg cells are a host risk factor that might predispose individuals to RSV-induced bronchiolitis. nBreg cell activity may constitute an early-life host response that favors microbial pathogenesis and may represent a target for the treatment of low respiratory tract viral infections and their pathological consequences later in life. 
Culture Medium and Reagents
Complete medium consisted of RPMI-1640 supplemented with 10% fetal calf serum (ICN Biomedicals), 5 3 10 À5 M of 2-ME (Sigma), and antibiotics (GIBCO BRL). R848 and CpG1826 were purchased from InvivoGen. Human influenza virus A/PR/8/34 (IAV) was purchased from Charles River. Measles virus (MV, strain Schwarz) were amplified and titrated using Vero cells. Human coronavirus (HCoV-229E), herpes simplex virus 1 (HSV, strain KOS), and human immunodeficiency virus (HIV) were used. Human T-lymphotropic virus (HTLV-1) was produced with Mt2 cell supernatants (kindly provided by M.A. Thoulouze). Epstein-Barr virus (EBV) was generated using B95.8 cell line. Recombinant human BAFF, IL-2, and IL-12 were purchased from Peprotech. CX3CL1 was from R&D Systems.
HRSV Strains and Mutants
Human respiratory syncytial virus A (HRSV-A Long, kindly provided by F. Freymuth) was amplified and titrated on HEp-2 cells. Recombinant human RSV (rHRSV-A) and recombinant Human RSV-Cherry (rHRSV-Ch) were previously described (Rameix-Welti et al., 2014) . The methods to generate the rHRSV-DG-Cherry and rHRSV-DSH are described in the Supplemental Experimental Procedures.
RSV-Specific ELISA Maxisorp plates (NUNC) were coated with HRSV-A, or DSH and DG mutants or their WT counterparts described above at 4 C overnight. After blocking of the plates with 1% BSA in PBS at 37 C for 1 hr, IgMs from CpG-stimulated cord blood B cell subsets were added to the plates for 1 hr at room temperature. After washing, horseradish peroxidase (HRP) conjugated to goat anti-human IgM (Southern Biotech) with a TMB substrate was used. Optical densities (OD) were measured at 450 nm.
Mass Cytometry
The antibodies were labeled 100 mg at a time according to the manufacturer's instruction with heavy metal-preloaded maleimide-coupled MAXPAR chelating polymers. Purified antibodies were purchased from Miltenyi. CBMCs were stained with these reagents, DNA content stained by an iridium-191/193 interchelator was used to identify individual cells, and by exclusion of a livedead viability stain. Data were acquired using a CyTOF2 instrument (Fluidigm) and analyzed using vISNE algorithm on Cytobank (Fluidigm). Antibody clones used are detailed in the Supplemental Experimental Procedures.
Cell Purification and Culture CBMCs or PBMCs from child patients or adults were isolated using Lymphoprep (Axis-Shield). B cells were positively enriched from CBMCs or PBMCs by using anti-CD19 magnetic beads with AutoMACS (Miltenyi Biotec). To recover the blood B cell subsets, the cells were sorted based on surface CD10 and CD5 markers to obtain CD10 + CD5 + (IMT), CD10 Nasopharyngeal Aspirate Cells Isolation Nasopharyngeal aspirates (NPA) were maintained on ice and processed within 24 hr. The samples were repeatedly washed with PBS with 5% FCS and centrifuged until no visible mucus clumps remained in the solution. The samples were then filtered using a Falcon 100-mm filter (Miltenyi Biotech). For nasal wash cell staining and isolation, filtered NPA cells were incubated with antibodies for 20 min.
B Cell Repertoire Analysis
We characterized the IgM repertoire at the molecular level in various B cell subsets from cord blood; the details can be found in the Supplemental Experimental Procedures. ) and stimulated for 6 hr with 10 mg/mL F(ab') 2 goat anti-human IgM, R848 (1 mg/mL), HRSV-A (MOI = 5), or IAV (MOI = 4,000 HA/mL). The gene expression profiles were measured by Miltenyi Biotec using an Agilent DNA chip. We used the Agilent 60-mer Whole Human Genome Oligo Microarray containing approximately 44 K genes and gene candidates. Output data files were further analyzed using the Rosetta Resolver gene expression data analysis system. Microarrays Agilent files were processed, background corrected, and normalized using the quantile method with R and package Limma. Genes were averaged using ProbeID, and GeneName and transcripts were filtered using the RefSeq mRNA database. Principal component analyses on most differentially expressed genes, heatmaps, and hierarchical clustering were performed using Qlucore Omics Explorer 3.1. Intracellular Staining Assay CD19 + B cell fraction was stained with surface markers (CD20, CD10, CD5, and CD3) and live/dead-Blue to identify viable B cell subsets. Cells were stimulated for 30 min with 10 mg/mL F(ab')2 goat anti-human IgM, R848 (1 mg/mL), HRSV-A (MOI = 1/10), or IAV (MOI = 4,000 HA/mL). Cells were then directly fixed and permeabilized using BD Cytofix/Cytoperm solution by following the manufacturer's instructions (eBioscience) and then subjected to intracellular phospho-CD79a detection.
Microarray Analysis
Gene Expression
T Cell Differentiation In Vitro 5 3 10 4 purified cord blood naive CD4 + T cells activated with anti-CD3/CD28 beads in Th0 (no cytokine added) or Th1 (with 10 ng/mL of IL-12) cell conditions were co-cultured with 5 3 10 4 syngeneic B activated with HRSV. Alternatively, purified cord blood pDCs were stimulated with HRSV-A in the presence of nBreg cells for 48 hr. Activated pDCs were sorted again by gating on CD123 hi CD20 À cells on FACSAria II. 10 4 activated pDCs were co-cultured with 5 3 10 4 purified allogeneic cord blood naive CD4 + T cells. Five to six days later, differentiated T cells were restimulated with 50 ng/mL PMA, 1 mg/mL ionomycin, and GolgiPlug (BD) to detect intracellular cytokines (IL-2, IFN-g, IL-13, IL-17, IL-22, and TNF-a), Alternatively, secreted IFN-g, IL-13, and IL-17 were detected by ELISA with a specific kit (eBiosciences).
ELISPOT nBreg cells were stimulated or not with HRSV-A for 24 hr. IL-10-secreting nBreg cells were enriched using IL-10 cytokine secretion assay according to the manufacturer's protocol (Milteny Biotec). Enriched cells were then FACS sorted for IL-10-positive cells and used for human fluoroSpot IgM according to the manufacturer's protocol (Mabtech). Alternatively, IgM-secreting cells were also analyzed with an HRP-based ELISPOT assay (Mabtech).
Statistical Analysis
Unpaired t tests were done in comparison of two groups (data are presented as the mean value ± SD). Paired t tests were also used to take into account donor to donor variation. ANOVA tests were used when comparing three groups or more. Spearman tests were used for correlations. p values < 0.05 were considered statistically significant.
ACCESSION NUMBERS
Raw expression files and details have been deposited in GEO under accession number GSE78847. 
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